Abstract. The isotopes of lithium, beryllium, and boron (LiBeB) are known in nature to be produced primarily by CNO spallation and a -a fusion from interactions between cosmic rays and interstellar nuclei. While the dominant source of LiBeB isotopes in the present epoch is cosmic-ray interactions, other sources are known to exist, including the production of 7 Li from big bang nucleosynthesis. Precise observations of galactic cosmic-ray LiBeB in addition to accurate modeling of cosmic-ray transport can help to constrain the relative importance among the different production mechanisms. The Cosmic Ray Isotope Spectrometer (CRIS) on the Advanced Composition Explorer (ACE) has measured nuclei with 2 < Z < 30 in the energy range ~30-500 MeV/nucleon since 1997 with good statistical accuracy. We present measurements of the isotopic abundances of LiBeB and discuss these observations in the context of previous cosmic-ray measurements and spectroscopic observations.
INTRODUCTION
The elements lithium, beryllium, and boron (LiBeB) are rare in our galaxy and offer important constraints on our understanding of nuclear astrophysics. These fragile elements are not generated in appreciable amounts in stellar nucleosynthesis but are destroyed in stellar interiors, and this is reflected by their low abundance in nature (as measured in meteorites and stellar photospheres) [1] . Galactic cosmic-ray (OCR) LiBeB nuclei, on the other hand, are found to be in significant excess over their solar-system abundances. This excess is quite large (LiBeB/CNO -0.25 for OCRs compared with ~10~6 for solar-system values) and is attributed to the spallation of CNO OCRs on the interstellar medium (ISM) [2] . A few isotopic discrepancies between GCR abundances and solar-system abundances, specifically the ratios of 6 Li/ 7 Li and n B/ 10 B, are not consistent with spallation production, suggesting the need for other sources of the lithium and boron isotopes such as stellar nucleosynthesis [3] and neutrino spallation [4] . In addition, some 7 Li production is expected from primordial nucleosynthesis [5] .
The evolution of LiBeB over the last 10 Gyr has been assessed through observations of low-metallicity halo stars [6] , [7] . These observations indicate an approximately linear correlation between the elemental ratios of Be/H or B/H and Fe/H (or metallicity of the star), in contradiction with the expected quadratic behavior for the production of LiBeB nuclei from GCRs released into an ISM, which is itself increasing in metallicity with time from the contributions of evolving stars. A linear correlation suggests a primary origin of LiBeB nuclei not coupled to the ISM metallicity, such as the fragmentation products from freshly synthesized supernova ejecta. Several scenarios have been postulated to explain the observed correlation, including the origin of LiBeB species from within superbubble regions [8] , [9] , [10] . In this model, supernovae Type II (SN II), which are common in the early Galaxy and originate from stars in large associations, tend to sweep out a bubble filled with a warm, low density mixture of freshly synthesized supernovae ejecta and remaining interstellar material. Lowenergy carbon and oxygen (< 100 MeV/nucleon) are produced and accelerated within SN II, perhaps at the reverse shock [11] , [12] . Once ejected, these low-energy carbon and oxygen nuclei are subsequently accelerated by massive stars or at the forward shocks of SN II in these CP598, Solar and Galactic Composition, edited by R. F. Wimmer-Schweingruber superbubble regions and interact with interstellar hydrogen and helium to produce LiBeB abundances via fragmentation in agreement with observations of old Population II stars [13] , [14] . Other models have been proposed, including the origin of Be and B nuclei by OCRs accelerated as debris from grains formed in SNII ejecta [15] , [16] .
Observations of GCR LiBeB nuclei help to constrain models of the origin and evolution of present epoch abundances. The Cosmic Ray Isotope Spectrometer (CRIS) on ACE has been measuring the isotopic composition of 2 < Z < 30 in the energy range ~30-500 MeV/nucleon since 1997, including the abundances of LiBeB between -30-200 MeV/nucleon. CRIS observations of LiBeB nuclei originate almost exclusively from fast CNO OCRs interacting with the ISM to produce secondary LiBeB nuclei between 200-500 MeV/nucleon. The resulting GCR LiBeB nuclei depend on the fragmentation rate and the rate of escape from the Galaxy. Indeed, most of the GCR LiBeB escape from the Galaxy. As the escape rate is essentially the same for all LiBeB species of equal energy per nucleon [17] , the relative abundances are a direct measure of the relative production rates. Approximately half of the LiBeB nuclei produced by GCRs, however, result from the fragmentation of ISM by GCR protons and helium whose energy spectra peak around 1 GeV. Provided the cross-sections are not too different between the interactions of ISM (p,He) + GCR (CNO) -> LiBeB around 1 GeV and the inverse interactions of ISM (CNO) + GCR (p,He) -> LiBeB in the energy range covered by CRIS, the observed abundances of LiBeB isotopic ratios from CRIS should reflect the actual isotopic ratios observed in the ISM. Indeed, based on a review of the cross-sections of Read and Viola [18] by Yanasak et al. (these proceedings), the cross-sections between 200-500 MeV/nucleon and those between 500-2000 MeV/nucleon for the inverse reactions are on average less than 20 % different. The ISM ratio 6 Li/ 7 Li, however, may not be similar to the GCR ratio since the cross-section for a + a fusion to A=6,7 increases by more than 2 orders of magnitude between 10 and 100 MeV/nucleon, implying that a large fraction of ISM lithium may be produced at these low energies. Thus, GCR LiBeB observations over a wide range in energy can provide important constraints on cosmicray origin and evolution in addition to deciphering the dominant sources of LiBeB over time. In this paper, we present the measurements of GCR LiBeB from December 1997 through April 2000 and compare these observations with previously published results.
DATA ANALYSIS
CRIS identifies the charge and mass of incident particles using multiple dE/dx measurements and the total energy deposited within stacked silicon solid-state detectors [19] . The mass resolution is refined with the measurement of particle trajectory via a scintillating optical fiber hodoscope (SOFT) [19] . In the present study, CRIS observations of LiBeB are separated into two separate time intervals, corresponding to differing levels of solar modulation. The first time period ranges from December 20, 1997 to January 23, 1999, which corresponds to a total of 311 days, excluding periods of intense solar activity. The second period ranges from January 24, 1999 to April 18, 2000 corresponding to a total of 270 days, again excluding periods of intense solar activity. The effect of solar modulation experienced during these two time intervals is determined using a spherically symmetric model described by Fisk [20] . The solar modulation parameter, <| ), is determined by fitting elemental spectra from CRIS at low energies and from HEAO-3 at high energies with the predictions of a propagation model [21] CRIS is designed to transmit only a small sample of the highly abundant helium events [19] . Since the onboard classification of an event as helium is rather coarse and based only on pulse heights, and since lithium is adjacent to helium, lithium events within certain energy intervals are treated as helium and sampled at a reduced duty cycle. Figure 1 shows way through the CRIS stack for events with Z < 6. From Figure 1 , it is clear that CRIS obtains excellent mass resolution. The solid lines indicate a region where lithium events have been classified into a helium event buffer which is sampled at a lower rate, resulting in a lower density region in the track. In the present analysis, events located within an interval such as that shown in Figure 1 are excluded, ensuring that those events with pulse heights satisfying the helium event buffer are eliminated from the analysis.
Particles are selected on the basis of high-quality mass and charge identification. Valid events are required to trigger all three SOFT hodoscope planes. Furthermore, events that stop near the faces of the detector elements are rejected from the analysis. Additional background events are removed by demanding consistency between the measures of charge and mass from various combinations of the stack detector pulse heights [19] .
The resulting mass histograms for LiBeB events in the first time period are shown in Figure 2 for three of the six energy bins analyzed in this study, ranging from ~30 MeV/nucleon to ~200 MeV/nucleon. The isotopes of LiBeB are clearly separated and the number of events for each isotope is simply determined by adding the number of events under each peak. Only events with an opening angle from the detector zenith of <25 degrees are included in the analysis. Corrections are applied to account for the probability of a particle surviving fragmentation within the instrument and for the charge dependent tracking efficiency with the SOFT hodoscope. The spallation correction accounts for the number of interaction lengths penetrated and is based on the cross-section formula of Westfall ef a/. [22] . Figure 3 shows the elemental ratio of B/C and the isotopic ratios of Li, ^e^Be, and U B/ 10 B are in agreement with both Voyager and IMP to within the statistical accuracy of the measurements. Indeed, CRIS observations are unique in that there are now sufficient events to measure these ratios as a function of energy, providing further constraints on cosmic-ray propagation models. Table 1 compares the isotopic measurements of LiBeB with previous measurements, where the results have been averaged over the entire energy range covered by CRIS. The uncertainties for CRIS in Table 1 represent only the statistical uncertainty. Typical systematic uncertainties are ~10% for beryllium and lithium due to the SOFT tracking efficiency. The predictions of two propagation models from Reeves [3] and Lukasiak et al. [23] are also shown in Table 1 . While CRIS results agree with previous measurements and with the predictions of the propagation model by Lukasiak et al. [23] , the measured isotopic ratios differ, not unexpectedly, with the calculations of Reeves [3] for OCRs in the several GeV/nucleon energy range. The effect of energy dependent cross-sections on the production of OCR LiBeB nuclei and the expected energy dependence of the LiBeB ratios compared with these observations will be explored in detail in a companion paper in these proceedings (Yanasak et al.) [26] .
RESULTS AND DISCUSSION
Comparing the relatively young OCRs (~ 1. Li is well below the solar-system value of ~12 determined from meteorites [1] . The U B/ 10 B ratio is also well below the ratios determined from meteorites (4.05 ±0.2) [28] and from present abundance measurements of the ISM (3.4 ± 0.7) [29] . In fact, the meteoritic observations of 7 Li/ 6 Li and n B/ 10 B, representing protosolar measurements, are consistent with measurements of Population I stars (see compilation from [30] and [31] Li and the U B/ 10 B ratios and the solar-system values has been attributed to excess 7 Li and U B, postulated to originate in part from neutrino spallation in core collapse supernovae [16] . The isotope 7 Li is also produced during primordial nucleosynthesis (~1/10 solar) [32] . Furthermore, halo stars with even lower metallicities [Fe/H] ~ -2.3 indicate a 6 Li/ 7 Li ratio of 0.05 [31] . While OCRs play a dominant role in the production of LiBeB nuclei, the origin and evolution of these species is complex as is reflected in the variety of observations from different epochs over the last 10 Gyr.
SUMMARY
The isotopic ratios of LiBeB and C are in agreement with previous measurements of OCRs. The observed ratios during both time periods are also in agreement suggesting that the effects of solar modulation are not significant, though this will be tested further with future observations from CRIS and the Solar Isotope Experiment (SIS) on-board ACE during periods of extreme solar modulation. While current propagation models are in general agreement with the LiBeB observations, CRIS observations over an extended energy range will provide further constraints on propagation models as will be discussed in the companion paper (Yanasak et al.) [26] .
